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Abstract: Terahertz (THz) metamaterial-based reflection spectroscopy is proposed for label-
free sensing of living cells by a self-referenced method. When sensing the living Madin-
Darby canine kidney cell monolayer and phosphate buffered saline solution, self-referenced
signals showed significant differences in peak intensity because of inherent discrepancy in
the imaginary part of their complex refractive indices, as confirmed by 3D-FDTD
simulations. The resonance peak intensity was unaffected by cell monolayer thickness
variation, demonstrating feasibility for sensing various cells. Simulations and experiments
showed that saponin-induced changes in cell permeability could be monitored in real-time.
The self-referenced signal was linearly dependent on the adherent cell density, illustrating a
label-free in situ THz metamaterial-based cell sensor.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Cells, the fundamental unit of life, determine the structure and function of all living
organisms. Thus, to comprehensively understand the proliferation, differentiation,
interaction, and apoptosis of cells will further boost the development of research in
bioscience and biomedicine. The biophysical properties of cells, including their mechanical
[1], electrical [2] and optical properties [3], could provide a comprehensive perspective about
how they function. Optical biosensing, a widely used non-invasive method, utilizes the
passing of light through cells and measures the absorption, reflection, and scattering
coefficient, which helps obtain information about intracellular biomolecules [3]. For
instance, the surface plasmon resonance (SPR) technique has been successfully utilized to
analyze the cell refractive index and study cell metabolic activities; however, the method still
suffers from an extremely limited longitudinal detection range [4]. The terahertz (THz) wave,
referring to the frequency band from 0.1 to 10 THz, locates between the microwave and
infrared regions, and offers prominent advantages for biomedical applications, especially in
the study of cells [5,6]. The dynamic process of bulk water occurs on a sub-picosecond to
picosecond timescale. Hence, THz spectroscopy could be a unique method to characterize the
intracellular hydration dynamics, which is closely related to cell biology and pathology
processes [7,8]. Moreover, the energy of THz photons (i.e., =1-10 meV) is far below that of
X-rays and cannot cause any ionization damage to organisms.

Although minute structural changes in the cell monolayer have been undoubtedly
detected by conventional THz time-domain spectroscopy [9], the strong absorption of polar
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liquids in the THz range still restricts their application to living cell monitoring. Recently,
THz attenuated total reflection (ATR) spectroscopy has been successfully proposed to
measure the complex dielectric responses of living cells in the culture medium [7,8,10,11]. In
such a system, the penetration depth of the evanescent wave on the surface of the ATR prism
corresponds to the thickness of the adherent cell monolayer, regardless of the weak effect of
the upper solution. The cell monolayer should be cultured at the interface of the ATR prism
in situ, with the help of a fixed incubation chamber to maintain a suitable environment.
Interestingly, the ATR prism has been topped by a 3-mm-thick silicon (Si) patch for
detection, which could be placed in the cell culture dish and covered with a cell monolayer
[12]. However, small errors from the amplitude and phase shift, and angular misalignment of
the prism may result in a significant variation in the measured complex dielectric constants
[13].

THz metamaterials, composed of subwavelength periodic artificial metallic resonators,
could couple the incident THz wave to enhance the localized electric field, particularly in the
gap area; thus, they provide a highly sensitive sensing platform to detect biomolecules [14],
nanovesicles [15], microorganisms [16] and cells [17]. The resonant feature (frequency and
amplitude) will change even when a small number of targets fall within the enhanced near-
field area of metamaterials. Depending on the concrete geometry of the design of the
metamaterial, the detection range for target samples may go up to almost 3—4 pm and
saturates at a particular film thickness of ~10 pm in the vertical direction [16,18]. A THz
metamaterial-based sensing platform may acquire the whole cell monolayer response unlike
an SPR-based technique. Cisplatin-induced cell apoptosis has been measured by a THz
metamaterial-based biosensor in the transmission mode, with the results showing good
correlation with those of flow cytometry analysis [17]. It has been noted that THz
metamaterials could be easily placed into the common cell culture plate for cell biology
research without any modifications. Nevertheless, the extracellular water is removed by dust-
free paper in the measurement, as it may influence the vitality of living cells and not be
suitable for continuous monitoring. Therefore, THz metamaterial-based reflection
spectroscopy for living cell detection should be preferred.

In this study, we introduced the application of THz metamaterial-based reflection
spectroscopy to extract the response of adherent living Madin—Darby canine kidney (MDCK)
cells in phosphate buffered saline (PBS) solution. The self-referenced method—combined
analysis of the reflection signals from Si undersurface and resonator/sample interface in one
measurement—was utilized to simplify the measurement and reduce the phase shift error for
real-time monitoring. Finite-difference time-domain (FDTD) simulations were conducted to
verify the response of living MDCK cells, evaluate the feasibility of the proposed sensing
method, and obtain the sensing performance for cellular dielectric property changes. Because
of intracellular protein leakage, saponin-induced cell permeability change was also acquired
as simulated. Furthermore, we also investigated the response of self-referenced signals for
artificial cell density changes.

2. Materials and methods
2.1 Fabrication of THz metamaterial

The conventional photolithography method was used to fabricate the THz metamaterial
sensors on a 550-pm-thick high-resistance Si substrate. 20-nm-thick chromium metal films
and 200-nm-thick gold metal films were evaporated on the Si substrate successively. As
shown in Fig. 1(a), we defined the resonator arrays of split square structures with a central
gap on each side, which had a period of 70 pm, side width of 2 pm, gap size of 4 pm, and
side length of 62 pm.
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2.2 Preparation of cell monolayer

MDCK cells, isolated from canine kidney, were obtained from ATCC, which would form a
single-layer columnar epithelium with tight junctions when grown to confluence. The cells
were cultured in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 1%
penicillin-streptomycin and 10% fetal bovine serum (all from Invitrogen Life Science, USA)
at 37°C, 5% CO; condition, and harvested using 0.25% trypsin-EDTA within 5~10 min after
washed with PBS solution. For sensing saponin-induced permeability changes, the cell
suspension with a cell density of 1 x 10° cells/mL was seeded onto the surface of a clean THz
metamaterial sensor (or bare Si wafer), and incubated for nearly 48 h until the cell monolayer
formed and adhered tightly, as seen in Fig. 1(a). For quantitative measurements of the
artificial cell density, various concentrations of cell suspension (2.5 x 10°,5 x 10°, 7.5 x 10°,
and 1 x 10° cells/mL) were seeded onto the surface of four metamaterials, respectively, and
incubated for 24 h. These four metamaterials were made in one batch with same resonance
characteristics, which were verified by measuring the resonance peak in PBS solution. To
obtain the average number of cells adhered to a single resonator (), we randomly chose
50 resonators located in the THz spot area and counted the adherent cell number on each side
of the resonator by optical microscopy.

2.3 THz measurement of cells

Before THz measurements, the metamaterial (or bare Si wafer) attached with cells was taken
out of the culture plate and washed with PBS solution lightly to get an intact cell monolayer
on the surface. THz reflection spectroscopy was carried out on a commercial THz-TDS
system (TAS7500SP, Advantest Corporation). The p-polarization collimated (the
polarization direction perpendicular to the gap) THz wave was obliquely incident on the
substrate side of the metamaterial (or bare Si wafer) with an incident angle of 10°, as
illustrated in Fig. 1(b, c). The entire optical path was purged with dry air to exclude
interference from water vapor. For sensing the cell monolayer, PBS solution was pipetted
onto the cell monolayer, which reached a thickness of more than 1 mm, in order to keep the
cells alive as well as exceed the penetration depth of THz waves [19]. After removing the
adherent cell monolayer by 0.25% trypsin-EDTA, an equivalent PBS solution was added
onto the sensor surface (or bare Si wafer) to acquire the THz signal. When analyzing
saponin-induced cell permeability changes, two different concentrations (0.05% and 0.075%
mass/volume) of saponin (Sigma Aldrich) and PBS solution were added onto identical
metamaterial sensors covered with a cell monolayer, respectively. Real-time data acquisitions
were made immediately; they lasted for 1 h with 2.5 min intervals. All THz measurements
were performed at three different times under an ambient temperature of 25°C.

2.4 Self-referenced data analysis

The obtained THz time-domain waveforms of MDCK cell monolayers and PBS solution are
shown in Fig. 2(a). Notably, the basic scheme of self-referenced data analysis in the reflected
time-domain waveforms was as follows: the first pulse reflected from the Si undersurface
was used as the reference signal and the second pulse reflected from the resonator/sample
interface (or the Si wafer/sample interface) was used as the sample signal [20]. Thus, this
self-referenced analysis method only needs a single measurement unlike the traditional
reflection method, which requires a gold mirror signal as the reference signal. Thus, the self-
referenced analysis method can simplify the measurement procedure and reduce the phase-
shift error. Using fast Fourier transform for two pulses with a fixed time delay, the resulting
frequency amplitudes for the sample were divided by that for the reference to get the
characteristic self-referenced signals, which were all normalized to the signal for PBS
solution on the metamaterial. As the more distinct discrepancy between the cell and PBS
solution was the imaginary part of complex refractive index (discussed below), the intensity
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of the resonance peak (/,..) in reflection signal was chosen to represent the modifications
from different samples. For real-time monitoring, we defined relative signal variations A
between initialized values of /., (T = 0) and reacting values of /,., (T = t) at the monitoring
moment of t as Eq. (1).

A= [peuk(TZO) _[peak(T:t) (1)
Ipeak(T:O) - Ipeak(PBS)

2.5 FDTD simulation

In order to verify the experiment results, we utilized 3D-FDTD simulations (FDTD
Solutions, Lumerical Solutions, Inc.) to simulate near-field enhanced -electric field
distribution and resonance in the THz metamaterial sensor on the Si substrate. Briefly, a
linearly polarized plane wave with a frequency range of 0.1-3.5 THz was obliquely incident
on the metamaterial with an incident angle of 10°. The geometric dimension for the
metamaterial is the same as described in Section 2./. As the THz wave was obliquely
incident on the period of metamaterial, Bloch boundary conditions were used in X and Y
directions. The cell monolayer and PBS solution were treated as homogeneous media with
two flat interfaces. Their complex refractive indexes were selected according to previous
studies to mimic the experimental conditions as far as possible [7,21], whose imaginary parts
were obviously different (e.g. ~0.65 for PBS solution and ~0.58 for cell monolayer at 1 THz)
while real parts were indiscernible (e.g. ~2.14 for both PBS solution and cell monolayer at 1
THz). The chromium and gold metals can be treated as perfect electric conductor in
simulations due to their high conductivity in the THz range. We selected 11 um as the
thickness of the MDCK cell monolayer for 3D-FDTD simulations, as shown in Fig. 2(b), due
to the adherent MDCK cell monolayer staying at the height of 10~12um [22]. The thickness-
dependent response of the cell monolayer was investigated by changing the thickness of the
cell monolayer with a constant PBS solution (~1000 um) to confirm the effective vertical
sensing range. The peak intensity variation ( A4V ) was defined by Eq. (2). Meanwhile, we
also analyzed the self-referenced signal variation in the cellular water content with various
thicknesses of cell monolayers. All simulated time-domain waveforms were analyzed using
the method mentioned above.

_ [peak(cell) - Ipeak(PBS)
[peuk(PBS)

ar
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3. Results and discussion
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Fig. 1. (a) Optical micrograph of THz metamaterial sensor without (left) and with (right)
MDCK cell monolayer; (b) schematic diagram of the self-referenced analysis of the living cell
monolayer; (c) schematic diagram of the metamaterial-based reflection spectroscopy setup.

3.1 Self-referenced sensing of MDCK cell monolayer

As illustrated in Fig. 2(a), the first reflection pulses in the time-domain waveforms, ranging
from 2 ps to 16 ps, were almost the same and were used as the reference signal. Meanwhile,
the second reflection pulses, ranging from 16 ps to 30 ps, are distinctive for the adherent
MDCK cell and PBS solution, which carry the information about the sample upon the gold
resonator interface. The self-referenced signals of the MDCK cell and PBS solution (in Fig.
2(b)) show prominent resonance peaks close to 0.9 THz, yielding a significant intensity
variation (~0.115) but a slight frequency shift. In other words, the self-referenced resonance
peak for the MDCK cell becomes broader and higher than that for PBS solution, whose
frequency shift could hardly be determined. However, tiny variations (~0.013 at 0.9 THz)
were observed on the bare Si wafer without any resonant structures. Thus, we could obtain
nearly 9 times enhancement benefit owing to strong interactions of the highly confined
electric field of the metamaterial with the adherent cell monolayer. The simulated reflection
spectra, obtained by 3D-FDTD simulations and self-referenced analysis, correlated well with
the experimental results.

According to the inductor—capacitor resonance mode, variations in the complex refractive
index of samples appearing on the metamaterial surface would change the shift and intensity
of the resonance peak [19]. Previous simulation results have shown that increasing the
refractive index will alter the resonance frequency far beyond the peak intensity, whereas the
changed extinction coefficients only influence the resonance peak intensity [23]. The
imaginary part of the complex refractive index of living cells was lower than distilled water,
far beyond the discrepancy between their real parts, due to the replacement of a portion of
strongly absorbing bulk water by intracellular biomolecules and hydrated water [7]. Here, the
tendency of variation of the reflection peak intensity for the different imaginary parts (those
of living cells and PBS solution) was in line with previous observations made using a similar
method in an ethanol/water mixture [20], and the results were further verified by 3D-FDTD
simulations. Although the reflection peak intensity of the self-referenced signal could not
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gain the definite value of dielectric response, it still carried information about the imaginary
part of the complex refractive index of the adherent cell monolayer and can be a suitable
indicator for monitoring particularly intracellular water dynamics. While the thickness of the
cell monolayer will vary for different kinds of cells, we should evaluate the feasibility of this
metamaterial-based living cell sensing concept by investigating the thickness-dependent
effect of the cell monolayer.
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Fig. 2. (a) Reflective THz time-domain waveforms and (b) normalized simulated (dashed line)
and experimental (solid line) reflection spectra for self-referenced sensing of PBS solution
(~1000 pm in simulation) and living MDCK cell in PBS solution (~11-pum-thick cell
monolayer and 1000-um-thick PBS solution in simulation) on the metamaterial (black for cell
and red for PBS solution) and on the Si wafer (blue for cell and olive for PBS solution).

3.2 Feasibility of living cell sensing by THz metamaterial

We simulated the THz metamaterial-based response of the cell monolayer in a representative
thickness range (0-20.5 um) with a fixed upper PBS solution layer (~1000 um), the
thickness of which is greater than the penetration depth of incident THz waves, as shown in
Fig. 3(a). The resonance peak intensity variations and electric field distribution were
determined and plotted in Fig. 3(b). Apparently, the resonance peak intensity increased with
the thickness of the adherent cell monolayer, and started to saturate at a thickness of 5.5 pm.
The electric field distribution, caused by a spoof surface plasma [24], was highly confined on
the surface and weakened above the space perpendicular to the metamaterial. Moreover, the
z-cut along the direction of propagation demonstrated the localized electric field decayed
exponentially to 1/e of its maximum at the vertical height of ~1.5 pum, signifying a significant
change in the resonance peak intensity when the simulated cell monolayer thickness was
below 2.5 pm. The intensity of the electric field continued to decrease gradually till the
vertical height of nearly 7~8 um, in accordance with the saturated behavior of cell
monolayer. Notably, typical adherent cell monolayers, whose thickness were in a range of
5.5-13 um [7,22], occupied almost all of the electric field distribution area, and then did not
further modify the resonance peak intensity and became immune to any contribution from the
upper PBS solution layer. Thus, given that most adherent cell monolayers are accidented
with protuberant nucleus as well as flat cytoplasm, this metamaterial-based cell sensing
platform is also unaffected by thickness variation of cell monolayers. For future cell
monitoring applications, we need to further assess the sensing performance of metamaterials
for dielectric property changes (e.g., water content variation) of the cell monolayer.
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Fig. 3. Normalized reflection spectra of thickness-dependent cell monolayer for self-
referenced sensing of living MDCK cell. (a) Simulated results with the thickness of cell
monolayer ranging from 0 pm to 20.5 um. (b) Peak intensity variation as a function of the
change of cell monolayer thickness, and electric field profiles along z-axis at the positions
indicated by red dotted lines in the inset. The solid lines are the exponential fitting. Inset in
Fig. 3(b) shows the simulated electric field maps at the resonant frequency for the gap area
(corresponds to the range of —2 pm to 2 pm on the x-axis) of the used THz metamaterial with
no adherent dielectric material but air.

3.3 Monitoring of saponin-induced cell permeability change

Water, termed as “an active matrix of life for cell biology”, plays a vital role in enabling the
functions of intracellular biomolecules and assisting chemical interactions and information
transfer processes within the cell [25]. Intracellular water could be classified as osmotically
unresponsive hydrated water, confined in the vicinity of biomolecules, and free-flowing bulk
water, which promotes the fluidity of cytoplasm, thus altering the cellular metabolic process.
Therefore, water content (i.e., bulk water) of the cell monolayer is closely related to the
cellular activity and pathological state [8]. We selected the water content variation of the cell
monolayer as the indicator in our simulations, which was based on the assumption that the
cell monolayer is approximately non-dispersive [17] and additional bulk water content
variation (A, .omen ) O the cell monolayer would mainly lead to a change in the imaginary
part of its complex refractive index according to a two-component model [26]:
K atiered cett = Keetr T Dvsater contem X (Kpgs —Koy) > Where  Kpye and &, refer to the
aforementioned imaginary part of the complex refractive index (i.e., extinction coefficient) of
the PBS solution and cell monolayer, respectively. As illustrated in Fig. 4(a), the relative
variation in the self-referenced signal rises linearly with the A until the simulated
cell monolayer completely transforms into a simulated PBS solution layer (i.e.,
A ier comene = 100%) . The self-referenced resonance peak intensity is mainly dependent on the

water content >

imaginary part of the complex refractive index of the adjacent object, and would thus
respond to any changing adjacent circumstances. In particular, a nearly identical relative
signal variation tendency was observed with an outstanding linearity when simulating cell
monolayers with different thicknesses as the A changed. Therefore, we deem that

this metamaterial-based cell sensor can monitor changes in the cellular dielectric properties
caused by intracellular water content or even other intrinsic characteristics changes,
independent of the thickness of the cell monolayer.

Saponin, known as a nonionic detergent, can permeate living or fixed cells at different
concentrations [27,28], and is widely used in immunocytochemistry and flow cytometry for
the detection of intracellular biomolecules [29]. It can selectively bind with membrane

water content
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cholesterol and produce tiny pores in cell membranes without any destruction [30,31]. These
pores allow diffusion of water molecules and component exchange between intracellular and
extracellular environments, and generally enhance the cell membrane permeability. The
monitoring of saponin-induced cell permeability changes was carried out as shown in Fig.
4(b). When saponin was added at 0 min, the relative signal variations A began to decrease a
bit, and then turned to increase at 7.5 min for 0.075% saponin and 15 min for 0.05% saponin,
and finally reached the value of nearly 0.8 for 0.075% saponin and 0.4 for 0.05% saponin.
The curves for cells immersed in the same amount of PBS solution (PBS control) show no
obvious variations but only tiny fluctuations. The cell monolayer, observed by optical
microscopy, remained on the surface of metamaterial without obvious detachment
throughout the monitoring period, which verified the origin of signal variation. These results
are in good agreement with previous results obtained using THz-ATR spectroscopy, which
implies the saponin-induced THz contrast change to be due to intracellular protein leakage
[12]. However, this metamaterial-based cell sensor is simpler and more portable. Akin to the
variation tendency seen in the simulations for cellular water content change, relative signal
variations A rose and became close to the background signal of the PBS solution as the
interaction of saponin went on, indicating the profound permeability change of cell
monolayer. Owing to the concentration-dependent manner of the saponin-induced
permeability change [32], the A for 0.075% saponin rose faster and achieved a bigger change
than 0.05% saponin. The initial plateau (slightly reduced A at the beginning) for 0.075%
remained almost twice as short for 0.05% saponin (7.5 min versus 15 min), as was required
for the extensive interaction between saponin and the cell membrane, so that component
exchange can take place. In general, this metamaterial-based cell sensor could real-timely
probe saponin-induced cell permeability changes in a label-free as well as self-referenced
manner, which is useful in tumor cytopathology because of the high water content of tumor
cells [33].
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Fig. 4. (a) Simulated THz self-referenced reflection spectra for thickness-dependent cell
monolayer (5.5 pm, 7.5 pm, 11.0 pm, 12.5 pm, and 15.5 um) with the water content ranging
from 0% to 100% and a fixed upper PBS solution layer (1000 pm) and (b) relative signal
variation versus time for monitoring living MDCK cell monolayer after exposure to PBS
solution and 0.05% and 0.075% saponin.

3.4 Measurement of adherent cell number change

Apart from the concern about changes in the cellular dielectric properties, cell counting,
either as the ultimate purpose or as a critical intermediate step, is also indispensable for most
cell biology research [34]. Taking transwell assay as an instance, the ability of cell migration
or invasion could be evaluated by analyzing the cell number in the lower part of the porous
membrane (i.e., cell density distribution) [35]. Owing to various seeding concentrations of
the cell suspension, four identical metamaterials with diverse artificial cell density
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distributions were obtained, as seen in insets of Fig. 5(a-d). Meanwhile, the peak intensity of
the self-referenced signal increased gradually with augmenting of the adherent cell density,
demonstrating a marked linearity with a linear correlation coefficient (R?) of 0.9914, as
shown in Fig. 5(e). It is obvious that decrease in the cell density would lead to increase in the
amount of extracellular water, which fills the interstitial space, thus altering the nearby
dielectric environment. Based on the equivalent medium theory [17] and the above-
mentioned assumption, we considered any cells together with extracellular water located at
the effective sensing range as a non-dispersively equivalent cell monolayer, whose dielectric
property correlated to the cell number, and assigned the peak intensity variation to changes in
the water content of this equivalent cell monolayer. Given that the saturated cell density
corresponds to N, = 6.83, the exceeding 20% of saturated peak intensity variation (~0.026
versus 0.115) at a lower cell density of N,,, = 1.27, refers to nearly 80% occupation of
extracellular water in equivalent cell monolayer (~1.27 versus 6.83). This result correlates
well with aforementioned simulation results in Fig. 4(a), where 20% of the saturated peak
intensity variation was attributed to 78% of the water content change. Although this is no
more than a preliminary result, it strongly suggests that the metamaterial-based cell sensor
could effectively respond to adherent cell density change on account of extracellular water
change, which is promising for the development of a novel cell-counting method without the
need of labels.

There are several advantages for our proposed metamaterial-based cell sensing platform.
First, with the aid of THz metamaterial-based reflection spectroscopy, we can obtain signals
for living adherent cell monolayers, and effectively sense changes in the cellular dielectric
properties and cell density: this is similar to the THz-ATR methodology but is more compact
and easier to integrate. Secondly, it can acquire more in-depth information about the cell
monolayer up to a micron level unlike SPR methods. Finally, owing to the relatively
polarization-insensitive design with the only requirement being the polarization direction of
the incident THz wave having to be perpendicular to any gap, and the use of a self-referenced
method, this method is convenient for practical measurements and avoids phase shift errors
caused by the misplacement between the metamaterial and reference gold mirror [36].
Further improvement of this sensing platform is required, such as including highly
hydrophilic substrate [15], low dielectric constant of substrate [37], novel resonance structure
(e.g., Fano resonance) [38], and targeted enhancement nanomaterials (e.g., conjugated
avidin-gold nanoparticles with a high refractive index) [23].
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Fig. 5. (a-d) Normalized self-referenced reflection spectra for various seeding concentrations
of cell suspension (2.5 x 10°, 5 x 10°, 7.5 x 10°, and 1 x 10° cells/mL) on metamaterial
surface. Insets are optical micrographs of the metamaterial with different cell densities
corresponding to various seeding concentrations. (¢) The plot of peak intensity variation as a
function of changes in average cell number adhered to a single resonator (V). The red line is
a linear fit for the N, and peak intensity variation.
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4. Conclusion

In summary, THz metamaterial-based reflection spectroscopy was used for living cell
sensing in a self-referenced method. Due to the strong localized electric field enhancement of
the metamaterial, the resonance peak intensity of the self-referenced signal, corresponding to
the imaginary part of the complex refractive index of the adherent target, demonstrates
obvious differences between the MDCK cell monolayer and PBS solution through
experiments and simulations. The proposed cell sensor is unaffected by thickness deviation
in living cells and shows saturated response behavior in liquid phase. The relative variations
in the self-referenced signal show a linear dependence with changes in the dielectric property
(e.g., water content) of the cell monolayer as the simulated results, irrespective of the cell
thickness. Further verification of the proposed metamaterial sensor by real-time monitoring
of saponin-induced cell permeability change correlates well with previous results obtained by
THz-ATR experiments and simulations. Moreover, adherent cell density alterations could be
appropriately evaluated due to changes in the extracellular water content. It should be noted
that our sensing platform offers the additional benefits of a convenient THz living cell sensor
setup, a sensing range of up to the whole cell monolayer, and inherent stability of the self-
referenced method. Further research will focus on optimizing this cell sensor and integrating
it into common cell culture plates for label-free, in situ analysis of cellular proliferation,
differentiation, apoptosis, and interactions.
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